As the South African economy relies heavily on its coal resources, these resources should be utilised and managed in the best possible manner. Underground coal gasification (UCG) is one of the leading technologies used where conventional mining techniques are uneconomical. UCG delivers gas suitable for synthesis, production of fuels and electricity, or for home usage. The method is perceived as being environmentally friendly and safer than traditional mining. The study summarised in this paper was conducted so as to create a simple model that would allow for the evaluation of UCG processrelated costs versus expected benefits in a wider context and under different circumstances. The parameters of the model are: feasibility definition, i.e. maximum possible gas calorific value, based on geological surveys and gasification agents for a predefined need; direct process-related costs that are derived from the expected capital and operational expenditures and compared to the value and volume of the gas produced; and assessment of externality costs, i.e. the indirect economic value of environmental, safety and health benefits. The externalities concept should encourage governmental agencies to consider further investment in UCG technology as a vehicle for delivering, potentially, high savings in terms of the reduction in the costs of environmental damage resulting from gaseous emissions into the atmosphere, specifically expenditure on national health.
Introduction
In view of the likely slow but steady increase in the price of crude oil, South African coal has to be considered as the best available alternative source of gas, chemicals, and smokeless fuels in the interim period, between the present crude oil-dominated liquid fuels era and completely new types of fuels. Since South Africa has the seventh largest coal resources in the world, of about 50 billion tonnes (US DOE, 2005) , coal-based options seem to be well justified for the short-to medium-term development of energy production facilities for the fuel and chemical conversion industry. However, as Lloyd (2006) remarks: 'there is a big difference between a resource and a reserve (…) the resource is normally very large and unlikely to be used in its totality, while reserves are constantly changing in response to price'. The commonly accepted period of 150 to 200 years of coal availability in South Africa has become a source of serious misconceptions and overly optimistic forecasts. The recoverable South African coal resources, being true reserves, may only total between 27 and 29 billion tonnes (Prevost, 2004) . The most pessimistic prediction suggests that by the year 2040 there will be only 7 billion tonnes remaining, assuming the present consumption rate of 302 Mt/a and an approximately 5% increase in production levels.
The realisation of this status quo prompts the consideration of other, alternative solutions to the energy shortage problem. Underground coal gasification (UCG) is among the most promising technologies and, to an acceptable degree, the proven feasible one (Walker et al., 2001; Ergo Exergy, 2005; Shoko et al., 2006; Shackley et al., 2006) . This method (Creedy et al., 2001; UK DTI, 2004 ) is suitable primarily for areas of complex geophysical structure, for which traditional mining methods prove to be economically unviable. Zieleniewski (2006) and Burton et al. (2006) provide historical overviews of the method and tests that have been conducted around the world. In principle, the process enables a coal-to-gas conversion using underground coal seams with surrounding mineral layers forming the natural vessel walls, i.e. exactly where the coal is found. The operational depth for UCG is relatively flexible and can vary from 80 to 1 200 m. The minimum coal seam thickness required for the process is approximately 0.35 m. Figure 1 illustrates the UCG process collated with electricity generation.
Typical converting media such as air, oxygen, or their blend with high-pressure steam or hydrogen are pumped through a piping system into the coal seams. Reaction takes place, propagating along the seam. The created synthesized gas is evacuated to the surface through a dedicated pipe grid and utilised in several possible applications such as:
• steam production; • electricity generation; • chemical synthesis;
• hydrocarbon-based synthesis; and • communal use (household heating and/or cooking). The gas type is determined by the coal seam depth, thickness, and ash content, and its composition can be controlled by the type of gasification media used. Ash, the solid process residue, remains in the post-reaction cavity, filling approximately one-quarter to one-third of the original coal volume (Perkins, 2004) . The process does not require mining operations and enables the penetration of areas not economically justifiable for classic mining methods.
Objectives of the paper
The UCG method appears to offer a considerable degree of flexibility in terms of different types of coal and depths, using various methods. By selecting gasification media and operational conditions, it is possible to achieve the expected composition and the desired volume of gases. The existing technology enables the processing of by-products of underground gasification, resulting in marketable commodities and, by the same token, preventing environmental pollution. Storing areas for ash or discard, inevitable in the case of traditional coal processing units, are virtually non-existent with the use of UCG (Shackley et al., 2006) .
The extent to which all the advantages can be claimed as real benefits depends firmly on the economics of a planned project. As in any other case, the final balance between profit and expenditure will be the decisive factor. A logical conclusion therefore emerges from a reflection upon the development of UCG and its potential on the one hand, and the South African resources and needs on the other. If any serious and longer-term attempts to utilise the UCG method are to be carried out in South Africa, such projects will call for a benefits evaluation method that is universal enough to be used in preliminary business cases.
Presently, a comprehensive and systematic evaluation model of the benefits derived from the UCG technique is practically non-existent in South Africa. Aiming at the formulation of such a model, the following questions must be answered:
• By answering the above research questions, the objective of the study summarised in this paper was to structure, propose and test a method suitable for the estimation of process-related costs and achievable benefits through the application of UCG on uneconomical coal resources in South Africa.
Proposed model
The proposed model is summarised in Figure 2 (Zieleniewski, 2006) . Some of the process relation-ships for the proposed method were derived from British and Belgian UCG test runs (Simeons, 1978) . There are, however, considerable limitations in the usefulness of the experimental data, caused by the nearly three-decade time gap between their origin and the present. Still, certain relationships and functions drawn from the past observations can be verified under South African conditions and therefore be adopted into the proposed benefits model. Another significant impact on the degree of reliability of the intended model emerged from the conclusions of Jie (2003) , Perkins (2004) and Brand (2006) that point to the similarities of the UCG technology and classic industrial gasification processes. As the latter has been well established in South Africa for a half century, its economics and modus operandi are well-known and documented.
Finally, the best corroborated portion of the model's input consists of the geological information on coalfields of South Africa (Sparrow, 2006; Venter, 2006; Makwakwa & van der Merwe, 2003) , capital expenditure of the implemented infrastructure, operational costs related to the gasifying media production, and synthesized gas transfer and processing. The adopted generic technical assumptions are provided elsewhere (Zieleniewski, 2006) . Capital expenditures (CAPEX), including geological surveys, depend on the selected UCG option, i.e. air or oxygen as the gasifying agent (Brand, 2006) . The equations applied by the model are summarised in the Appendix.
Research methodology
The following techniques were used in the study: 3.1 Sources of data and data gathering methods For the proposed model sensitivity verification runs and the entire model real-case validation, a wide spectrum of information sources had to be engaged. The required knowledge ranges from basic geological information on the selected coalfields, geological surveys and drilling costs, capital expenditure for necessary infrastructure (air/oxygen supply and compression, gas processing and transfer), through to the energy generation and capacity installation costs for different energy sources. Additional information on the UCG process itself was obtained from available literature, mostly on the basis of classic, fixed bed gasification and underground technique similarities. The utilised sources are listed in Table 1 , with their recognised areas of expertise.
No less important than finding the information sources, is the credibility of sources themselves, which meant that the experience and intellectual capital of the sources had to be evaluated. The selected sources, and associated input functions for the model, were presented to UCG experts, for reevaluation and prioritization. The evaluation questionnaires were designed to provide quantifying numerical responses in only two categories ('priority' and 'impact') and for nine selected relationships. Three experts participated, two South African and one Polish, and contributed to the further verification and validation of the model; as described by Zieleniewski (2006) . In three out of the nine listed questionnaire items, their priority indication was almost identical. The cost impact priorities, i.e. the strongest factors influencing gas unit costs that must feature in the model, were subsequently identified in the following order:
• Type of the gasifying medium (air, oxygen…); • Production borehole spacing (grid); • Depth of the coal seam (subsequently also the maximum recommended operational pressure).
Indirect economic costs -externalities estimation
The lower, subjective tier of the model is possibly of equal importance to the direct process-related costs, but has far reaching consequences. In some cases it is now possible to quantify, in financial terms, these ostensibly intangible or, at least elusive, costs, due to initiatives such as the European Extern-E Project (PDC, 2003) . Extern-E is an acronym for 'externalities of energy': … numerous environmental and social problems, such as the health effects of pollution of air, water and soil, ecological disturbance and species loss, and landscape damage. Such damages are referred to as external costs, as they have typically not been reflected in the market price of energy, or considered by energy planners, and consequently have tended to be ignored. … The purpose of externalities research is to quantify damages in order to allow rational decisions to be made that weigh the benefits of actions to reduce externalities against the costs of doing so. (PDC, 2003: 12) .
Although still a contentious issue, the methodological steps and examples of externalities estimation can be found in literature (PDC, 2003) and has been applied to South Africa (Brent et al., 2006; Nyoka and Brent, 2006) .
For the 'subjective' tier of the model, the estimation provides a common denominator with the upper, strictly economic layer. In 2003, the Provincial Development Council (PDC, 2003) estimated the external costs of electricity production as R75 billion to R120 billion per annum, based on two major fuel cycles in South Africa, i.e. coal and uranium (in weighted ratio of 93:7; hydro energy was not included for its contribution and was below 1%). Table 2 presents three main categories of the external costs of electricity production (as per the 2003 year). A comparison of the main energy sources in South Africa (excluding diesel and petrol) has revealed that the highest external cost per energy unit utilised lies with illuminating paraffin, used widely in households for the purpose of cooking, heating and illumination (see Table 3 ). Extremely high societal expenses, caused mainly by deaths, burns and ingestions (mostly among children), are estimated as exceeding R100 billion yearly (PDC, 2003) . The costs of medical treatment constitute the majority of this estimate. The expected function of the benefits evaluation model is to calculate and emphasize the advantages of the availability of cheap gas, not only from the strictly financial point of view, but also from a much more human and ecological perspective. The Extern-E findings allow combining both evaluation tiers.
Results
The results obtained during the process of model development and testing can be grouped in the following order:
• Initial project feasibility equation (simplified but workable go-no-go step); • Formulation of oxygen (air) consumption per energy unit of produced gas; • Tested model reactivity to changing initial border conditions; and • Comparison of gas unit cost (R/MJ) with conventionally generated energy unit costs, with and without energy externalities.
Option affirmation or rejection tool
The feasibility stage equation is a function of three geological variables (Zieleniewski, 2006 ):
• Coal ash content A ad ;
• Maximum allowable operational pressure P tmo (being the function of the coal seam depth d s ); and • Coal seam thickness h. The result is reported as the maximum technically expected gross calorific value GCV tmx of the produced gas. For the adopted input data ranges, the selected functions were simplified into linear equations and combined into equation 1 of the Appendix, which is graphically presented in Figure 3 .
Gasification agent demand estimation
Brand (2006) adopted the coal-to-gas conversion ratio of 1350 m 3 n/tonne of coal ROM, i.e. measured on a run-of-mine basis, described also as an as-received (ar) basis. Such a value is used as a constant for the final calculation of the volume of oxygen necessary to produce the demanded volume of gas (see equation 4 of the Appendix).
Recalculating the oxygen/coalar yield from tonne/tonne units into the m 3 /tonne is necessary for the final matching of the gas demand with the oxygen volume necessary for the production. The standard density ñ of technically pure oxygen, i.e. 98.5% pure, is 1.434×10-3 tonne/m 3 . Assuming the gas/coalar conversion ratio î = 1365 m 3 /tonne, it becomes possible to estimate the quantity of oxygen Vox necessary for the sustained production of the required gas volume VUCG (see Figure 4 ).
Sensitivity test of input factors
For the model to be used with a reasonable degree of certainty, initial testing is required, which includes manipulation of the input variables within their assumed value range. Border values of the three geological input variables were as follows (Makwakwa, 2003; Spurr, 2006; Venter, 2006;  Council for Geoscience, 2008; see Table 4 The sensitivity test was performed as 'small' cases, in which only one of the input parameters was altered while the remaining two were constant and averaged. The test verified the initial assumptions. For instance, for a ten year operation comparison basis to achieve energy unit costs = R10/MJ, the following border conditions should be considered: Makwakwa et al. (2003:7-11) , Pinchero et al. (1999:66-81) , Sparrow (2003:9-19 ), Spurr (2006:20-48 Note: * Except the Highveld area, ash content of coal seams is estimated based on the washed product data.
• For A ad = 25% and h = 3.5m → seam depth no lower than 145m; • For A ad = 25% and h = 2.0m → seam depth no lower than 230m; • For A ad = 25% and d s = 300m → seam thickness no less than 1.2m; and • For A ad = 25% and d s = 200m → seam thickness no less than 2.5m.
Direct energy unit costs comparison
Following the Eskom method of the electricity unit cost estimation, it is necessary to apply so-called life cycle levelled costs estimates, which couple the total cost of energy generation over the expected lifespan of the power station with capital expenditure. Depending on the type of energy provided, the unit cost range is as follows (Fick, 2006 ):
• For coal-fired power stations: about 28 R/MWh, i.e. 7.8 R/GJ; • For nuclear power stations: about 34 R/MWh, i.e. 9.4 R/GJ; and • For gas fuelled power stations: about 37 R/MWh, i.e. 10.3 R/GJ. In the case of UCG, the amount of coal processed is determined by the reserves volume, and therefore shapes the final energy unit cost. Longevity of the UCG complex causes the CAPEX percentage to diminish, while operating costs are overtaken by accumulating calorific value of the produced gas (see Figure 5 ). Assuming ten years of operation and 10Mt of coal processed, the life cycle levelled cost would be as follows:
• 'average' case (A ad =25%, d s =250m, h=3.5m) → 8.1 R/GJ; • 'best' case (A ad =15%, d s =550m, h=11m) → 4.1 R/GJ; and • 'worst' case (A ad =35%, d s =100m, h=0.5m) → 26.6 R/GJ.
The inclusion of the lower tier energy externality costs of the model supports the business case. For the selected case of the Waterberg basin in the Limpopo Province of South Africa (coal seam depth, d s : 290m, seam thickness, h: 3.5m and ash, A ad : 24%) the application of UCG gas instead of widely used illuminating paraffin in the area, seems to be logical (see Table 5 ). The costs are derived from the discussion in section 3.2, and considering severe aspects of paraffin usage, e.g. fires and explosions often occur, resulting in injuries or even deaths and significant damage to property, and also the effects of indoor air pollution such as headaches, eye irritation, coughs and bad smells (PDC, 2003) . These environmental aspects cannot be neglected, e.g. large quantities of CO (1.9 g/MJ) and CH 4 (0.03 g/MJ) are emitted from paraffin stoves with efficiencies of approximately 50%; the US EPA (as cited in PDC, 2003: 123) provide gas emission estimates. 
Conclusions and recommendations
This paper introduces a functional benefit estimating model, which is capable of exposing limitations of considered UCG options, while at the same time, providing an idea of its maximum potential, at least theoretically.
The proposed approach, emphasised in the externality tier of the model, seems to be well tailored for the consideration of South African governmental agencies. The Extern-E equations allow the expression of environmental and national health losses expressed in monetary terms. Any intended UCG undertaking in terms of the economics then becomes far more encouraging as an investment. Even if the 'upper tier' direct economy were to present a payback time of longer than five or seven years, additional benefits would appear in the form of declining medical and ecological expenditures. In view of steeply growing medical and environmental costs, any modern state should embrace opportunities, which could lead to their reduction. Such considerations may justify taxation incentives to encourage non-governmental investment, although this fell outside the scope of this study. Regardless, present and future energy demands, as well as steadily rising prices of conventionally used agents, could well make UCG more competitive through market forces.
The model in its present, simplified form can already be used in an initial pre-feasibility study for any entity contemplating an investment in this form of energy conversion and distribution. The model can be further developed in order to yield a more precise estimation of costs versus benefits. To this end, it is recommended to improve the model's functionality further as follows:
• Replace the linear function (GCV = f(A ad )) by a polynomial type in order to include the ash content range beyond 40% (possibly up to 60%); • Include equations that enable the estimation of the physical enthalpy of the produced gas as an additional benefit, which would reduce the energy unit cost for the electricity produced (for other applications, the cost could be reduced through recovery of the enthalpy by, for instance, the production of steam or hot water); • Investigate the possibility and, if feasible, include the correcting module for geological anomalies, which can devalue the R2 of the function P tmo = f(d s ); and • Specify the function of the energy unit cost versus the planned transfer distance for non-local applications of the produced gas. Another suggested direction for further study could be an expansion of the benefit base beyond the gas calorific value and into more precise gas composition forecasts, which is essential in the case of synthetic gas substitution in the chemical and petrochemical industry. For in-seam coal, M and m can be assumed to be almost equal; therefore A ad˜ A ar . Coal daf is then specified as:
Coal daf ˜ coal ar *[1 -(A ad + m)/100]
The DAF factor daf f is described as follows:
Therefore:
Oxygen/coalar = (Oxygen/coaldaf )/daff (9) Vox = VUCG * oxygen/coalar / (ξ * ρ * 0.985) The table below shows all the basic cost groups and units costs, such as drilling expenditures, which are quoted per meter. The Oxygen Plant (used as an example) includes both capital and operational costs, the latter being a function of the demanded oxygen volume.
